Abstract-We develop a technique to quantitatively characterize the high-energy electron environment using the Galileo spacecraft solid-state imaging (SSI) instrument and results from 3-D Monte Carlo particle transport simulations in Geant4, validating our findings with the Galileo energetic particle detector (EPD). We postprocess raw SSI images to obtain frames with only the radiation contribution. The camera settings (gain state, filter, and so on) are used to compute the intensity of the observed radiation hits. Simulating the response of the SSI instrument to mono-energetic electron environments, we find that the SSI is capable of detecting ≥10-MeV electrons (>90% of <10-MeV particles are stopped with 95% confidence). Using geometric factors computed for the SSI, we calculate the environment particle flux given a number of pixels with radiation hits. We compare the SSI results to measurements from the Galileo EPD, examining the electron fluxes from the EPD >11-MeV integral flux channel. We find agreement within 3σ of the EPD data for 43 out of 43 (100%) of the SSI images evaluated. 62% of fluxes are also within 1σ of the EPD data. This approach can be applied to other sets of imaging data (star trackers) in energetic electron environments, such as those found in geostationary Earth orbit.
I. INTRODUCTION
H ARSH radiation in the form of ionized, highly energetic particles is part of the space environment and can affect spacecraft. These particles sweep through the solar system in the solar wind and solar storms, are ejected from supernovae, and are also trapped as belts in planetary magnetic fields. Jupiter's magnetosphere is the largest and strongest of any planet in the solar system. Similar to Earth, Jupiter is approximately a magnetic dipole with a tilt of ∼11 • [1] , but Jupiter's magnetic field strength is more than an order of magnitude larger than Earth's and its magnetic moment is ∼19 000 times larger [2] . Jupiter's magnetosphere is thought to be powered by a liquid dynamo circulating metallic hydrogen. Eruptions of sulfur and oxygen from the Galilean moon Io's volcanoes form a cold torus that rotates with Jupiter at 5.9 R J , generating ions through collisions and ultraviolet radiation, altering the dynamics of and supplying mass to the magnetosphere [1] , [3] . The Jovian radiation environment is dominated by trapped high-energy electrons, which can cause increased radiation dose damage and risk of internal electrostatic discharge on spacecraft [5] . The high-energy electron spectrum extends to much higher energies (>10 MeV) than the spectrum found in Earth's magnetosphere [6] - [8] .
Determining the composition of energetic particles is critical to our scientific understanding of the composition, structure, and dynamics of the magnetosphere. High-energy electrons affect the Jovian satellites (moons). The energetic electrons are a major contributor to exogenic processes, which affect the albedo and surface chemistry of the moon [9] , [10] . Megaelectronvolt electrons can penetrate through atmospheres, physically and chemically weathering the surfaces of moons. Spacecraft operating in high-energy radiation environments can experience component failures, degradation of sensors and solar panels, and serious physical damage to materials (see [11] and references therein). Secondary particles from high-energy electron interactions produce transients and background noise in detectors and sensors. The greatest risks come from high radiation doses, which are a concern with electrons from 100 keV to 50 MeV. The technique developed in this paper is used to detect and characterize the higher energy (>1 MeV) part of the energy range of electrons near Jupiter.
High-energy particle information about the Jovian magnetosphere is limited, both spatially and temporally. Pioneers 10 and 11 and Voyagers 1 and 2 made measurements during flybys in the 1970s and 1980s, respectively. For the most part, information about the Jovian environment comes from the energetic particle detector (EPD) [12] on the Galileo spacecraft (in Jovian orbit from December 1995 to September 2003), which had a nearly equatorial orbit around Jupiter. Dedicated instruments to monitor the high-energy radiation environment are not always included on spacecraft due to resource limitations. Juno, a NASA spacecraft that entered Jovian orbit in July 2016, and Europa Clipper, a NASA mission planned for the 2020s, do not carry instruments that are designed as calibrated energetic particle sensors capable of measuring high-energy (>1 MeV) electrons. Juno is in a polar orbit; Europa Clipper is planned to be in a highly elliptical Jovian orbit, flying-by Jupiter's moon, Europa, and each orbit.
We develop a technique to extract the high-energy electron environment using scientific imager data. Imagers are common onboard spacecraft and are sensitive to megaelectronvolt radiation [13] , [14] . On Juno, there is an ultraviolet spectrograph as well as three charge-coupled devices (CCDs): the Juno Color Camera (JunoCAM), the advanced stellar compass (ASC), and the stellar reference unit (SRU) [15] . Becker et al. [16] explore the >10-MeV electron radiation effects on JunoCAM, ASC, and SRU in the innermost region of the Jovian magnetosphere (<2 Jovian radii), using a similar approach as the one presented in this paper. They compute the omnidirectional fluxes during the first and third perijoves, though a description of the factors converting the count rates to fluxes is not provided [17] . There is no EPD for comparison to or validation of their results. On Europa Clipper, there are four planned imaging instruments: the Ultraviolet Spectrograph, the Mapping Imager Spectrometer for Europa, the Europa Imaging System, and the Mass SPectrometer for Planetary EXploration [18] . Europa Clipper will also have star scanners. Since these instruments are sensitive to megaelectronvolt radiation, they could yield information about the high-energy radiation environment.
II. APPROACH

A. Overview
We develop a technique to extract environment information from a science imager using the Galileo solid-state imaging (SSI) instrument. We determine the minimum energy that the imager is sensitive to and the integral flux at that energy in the environment. We use a particle transport code (Geant4) to model the passage of electrons through the instrument to the detector. For a science instrument, which is typically well-shielded, we expect to detect higher energy particles (>1 MeV). The results are a flux measurement for a given SSI image, which is compared to the log-averaged fit of the integral flux measurements from the Galileo EPD as a function of the radial distance from Jupiter.
B. Modeling and Simulations of the SSI in Geant4
We simulate electron transport in the SSI to determine the energies of the source particles that can reach the detector pixels and the amount of energy that is deposited in the pixels. We use a Monte Carlo particle transport code called Geant4, which is capable of tracking electrons from the source environment to the target (the silicon detector, in this case) [19] .
We model the SSI instrument in three dimensions, a cutaway visualization of which is shown in Fig. 1 with labels of the key components. Both the materials and physical placements are accounted for in the geometry. We include representative shielding from the spacecraft (1.4 steradians aluminum cone), but it is negligible for the most part: the SSI is on the scan platform, which is >1.5 m from the spacecraft, so the Galileo spacecraft blocks a solid angle of only ∼1.4 steradians (11% of 4π steradians) as viewed by Fig. 1 . Cut-away visualization of the geometry built in Geant4 of the SSI, which has dimensions of 90 × 25 × 30 cm 3 [20] . The key components are labeled and colors correspond to the material of the element (yellow: silicon, dark blue: aluminum, cyan: titanium, green: invar, pink: silica, redorange: tantalum, and brown: circuit board). Shielding from the spacecraft is not shown in this diagram.
the SSI detector. Shielding from the spacecraft is not shown in Fig. 1 for clarity.
We place the model of the SSI in a vacuum sphere with a 150-cm radius (large enough to envelop the entire instrument). In order to simulate an isotropic space environment, we select a cosine-law as a source angular distribution because the uniform, isotropic distribution on a spherical surface produces a cosine distribution, which is defined as a distribution that the equal number of particles is coming in per unit solid angle. In other words, the projected area seen by the impinging isotropic source particles will vary with the cos(θ ) dependence, θ being the angle from normal incidence. As a result, the simulated flux is four times larger than the real environment. There is a factor of two due to the integration of the cosine of the angle of incidence with respect to the normal plane. There is an additional factor of two due to oversampling, because we only simulate the inward particles while the particles will be incoming and outgoing from the source surface in the real environment. This factor of four is accounted for in the flux calculation.
We simulate 1 billion monoenergetic electrons per run for five runs (to build up statistics) for energies of 1, 3, 5, 10, 30, 50, 100, and 200 MeV. For each simulation run, we calculate the number of pixels affected.
C. Count Rate and Flux
A detector measures the count rate of particles within the solid angle and an energy range (or a passband E). To convert the radiation count rate measured by the detector to an environmental flux, a geometric factor is required. The geometric factor is a combination of efficiencies and the physical view factor of the detector. The number of particles that reach the detector and deposit energy depends on: the energy of the source particles, the number of source particles, the shielding materials (response to energetic particles, i.e., generation of secondaries) and geometry (thickness), and the surface area of the detector. The geometric factors are calculated from the simulations. The count rate is the integral of the differential flux over the solid angle and energy bandpass of the detector, which is given by
where CR is the count rate on the detector in counts per second; K (E) is the geometric factor at the energy E in cm 2 -sr; J (E) is the differential flux at the energy E in #/cm 2 -sr-sMeV; and E min and E max are the minimum and maximum energies, respectively, over which the differential flux and geometric factors are defined [21] , [22] . The minimum threshold energy, E min , includes contributions from all energies higher than the threshold as well. To define the energy that the imager is sensitive to, we choose the integer megaelectronvolt energy at which >90% of particles are stopped below that energy, with 95% confidence. Rewriting (1) in terms of the integral flux, I (E)
where the units are:
We break the factor K (E) into two geometric factors: K 1 is the ratio of the number of particles reaching the detector to the number of pixels with energy deposited due to radiation in the detector area. K 2 relates the number of particles reaching the detector to the number of particles originating from the external environment. Fig. 2 shows the relationship between the factors. The geometric factors will be different for a given instrument and are calculated from the charged particle transport simulations.
Starting with the known simulation environment, the simulated source particle flux, f sim (E), for a given energy is from 1 billion source electrons, coming from a 4π steradian sphere with radius r sim = 150 cm. Then, we examine the number of particles P 1 that make it through the spacecraft and instrument shielding and reach the detector. We relate the two quantities with scale factor K 2 , which has units of steradian
we count the number of pixels that have energy deposited in them and compute the ratio with the total number of pixels analyzed, P 0 , and compare it to the number of unique particles (primary and higher orders) that reach the detector and deposit energy. P 0 and P 1 are related with the scale factor K 1 , which has units of square centimeters
Then, for each imager observation, the scale factors are used to calculate the flux in the environment. The only known quantity is P 0 , which is the percentage of pixels with energy deposited in them over the exposure time. Using K 1 , one can find the number of particles that created those pixel hits. Using K 2 , one can then find the estimated flux in the environment.
Putting it all together, starting with P 0 , the environmental flux for an observation, f obs (E), is calculated as follows:
In the literature, the geometric factor is typically reported as just one factor. We can combine the two scale factors to be
D. SSI Data Collection and Processing
The SSI instrument is a high-resolution (1500-mm focal length) system with a spectral range of approximately 375-1100 nm. The detector is an 800 × 800-pixel virtualphase, frontside-illuminated, silicon CCD. The dimensions of the detector are 12.19 mm × 12.19 mm with a 65.6 pixel per millimeter pixel density. Each pixel is 15 μm × 15 μm. During image readout, all 800 lines are simultaneously shifted in the column (parallel) direction causing the first image line to be shifted through an on-chip amplifier. This line readout process is repeated until all 800 lines have been read out. As long as the external radiation flux is fairly constant on a time scale of one frame cycle, the radiation noise will show a top-to-bottom gradient, since the lines at the top are read out first (less integration time for radiation accumulation) and the bottom lines are read out last (more integration time for radiation accumulation). For more details on the camera system, detector response, and early in-flight performance, see [20] , [23] , and references therein.
We collect the raw SSI images and their associated calibration files (dark current, radiometric calibration, blemish, and shutter offset files) from the Planetary Data System (https://pds.nasa.gov/). Due to an anomaly with the Galileo high-gain antenna, a majority of the images were compressed with loss of information [24] . We select the images that have not undergone lossy compression or spike reduction onboard, leaving 767 out of a total of 4002 images (19%) for evaluation in this paper.
We process the flight data by subtracting the dark current from the image and applying the calibrated instrument gain. The digital number (DN) ranges from 0 to 255 and the instrument gain converts the DN intensity to electrons. For silicon, the average ionization energy needed to create an electron-hole pair is 3.6 eV [25] . The resulting processed image is a matrix of energy deposited (radiation intensity) in each pixel.
E. Galileo Energetic Particle Detector
To assess the accuracy of the method developed, we compare the calculated fluxes from the images to the Galileo EPD. The EPD provides 4π steradian angular coverage spectral measurement for Z≥1 ions, electrons, and the elemental species helium through iron. The low-energy magnetospheric measurement system (LEMMS) is a double-ended telescope (the detector receives particle measurements from two sides) containing eight heavily shielded detectors providing measurements of electrons from 15 keV to >11 MeV, and ions from 22 keV to ∼55 MeV, in 32 ranges of energy channels. Of the LEMMS channels, the most important one for our study of the SSI is the DC3 electron channel, which is an integral flux measurement of >11-MeV electrons. More information on the EPD can be found in [12] . Table I shows the averaged results from five runs of Geant4 simulations of 1 billion electrons at the following energies: 1, 3, 5, 10, 30, 50, 100, and 200 MeV. For each energy, the number of unique primary and secondary particles that reach the detector (and deposit energy) and the number of pixels with energy deposited in the 800 × 800-pixel array are recorded. Secondary particles are any order (second, third, and so on.) particles higher than primary particles. We find that roughly 10% of particles reaching the detector are primaries, which is consistent with [16] . In Table I , Columns B and C are the numbers of unique primary and secondary particles that deposit energy on the detector, respectively, and their sum is in Column D. Column E is the total number of pixels with energy deposition (radiation "hits").
III. RESULTS AND ANALYSIS
A. SSI Energy Detection
The monoenergetic simulations of 1, 3, and 5 MeV electrons result in little or no energy deposited on the detector (fewer than 0.01% of pixels with hits). For electrons below 10 MeV, over 90% of the intensity of the primary electrons are stopped, so we assert that the SSI is capable of integral electron energy detection of >10 MeV. The minimum equivalent shielding of aluminum from the environment to the detector is 18.7 mm (or ∼740 mils), which was calculated using the FASTRAD software [26] . The equivalent aluminum shielding thickness corresponds to a dose depth penetration of ∼10-MeV electrons [27] , which is consistent with the simulation findings.
B. Scaling Pixels to Environment Flux
Following the process outlined in Section II-C, to convert the fraction of pixels with energy deposited to the flux in the environment, we find two geometric factors from the simulation results. Referring to the monoenergetic simulation results, in Table I , ignoring 1, 3, and 5 MeV because those runs deposit little or no energy on the detector, there is roughly a common factor relating the fraction of pixels with energy deposited (column E) to the number of unique particles that reach the detector (column D). This number includes the size of an SSI pixel (2.25 × 10 −6 cm 2 ). Every particle traverses roughly two pixels on average. Using the known simulated environmental flux, we calculate the second scale factor, K 2 , for each energy. Columns F and G in Table I show the geometric factors for 10-200 MeV with the 95% confidence interval.
C. Example of the Flux Calculation from an SSI Observation
We demonstrate the calculation of the flux from SSI image "3926r," observed during the second orbit of the Galileo mission at Jupiter. The observation target was Europa and was taken at 1996-09-07 14:43:23.490Z at a distance of 10.67 R J from Jupiter. Fig. 3 shows the raw data contrasted with a DN scale. A 640 × 640-pixel subset of the 800 × 800-pixel full array was used. The observation has an exposure duration of 529.17 ms and a frame duration of 8.667 s.
Upon eliminating the moon, one can see the radiation hits as bright pixels within the otherwise dark, photon-deficient environment surrounding the moon. Fig. 4 shows the contrasted image remaining and, on the left of the figure, the log-scale of the DN, demonstrating the increasing frequency and magnitude of radiation hits in the image as line number increases. Of the original 409 600 pixels, 176 665 pixels (43.13%) are available for radiation analysis.
We find the number of pixels with an elevated DN (DN > 4) to be 150 402 pixels. From here, we turn the number of pixels with radiation "hits" into the percentage of the pixels evaluated. P 0 is the percentage of pixels with hits, scaled by Using the geometric factors determined in Section III-B, we compute the >10-MeV integral flux. For >10 MeV, K 1 = 2.636 ± 0.013 × 10 −6 cm 2 and K 2 = 0.5067 ± 0.028 sr. Following (5) 
D. Comparison to EPD
Ideally, the technique developed in this paper will be capable of making comparable measurements to the EPD. There is a spread in the EPD data, which comes from variations in the environment and statistical uncertainties in the measurement. Jun et al. [28] find a log-normal fit to the Galileo EPD >11-MeV integral flux data, shown in Fig. 5 as a solid black line, as a function of the distance from Jupiter (in radii of Jupiter, R J ). The dashed lines represent the 1σ , 2σ , and 3σ on the log-normal fit.
Since it is challenging to quantify systematic and calibration uncertainties, the error bars on the SSI flux measurements are purely based on the Poisson counting statistics. We assume a Poisson distribution because, considering radiation events over an interval of time, the events occur independently of the time since the last event. The 1σ error is ± √ N , where N is the number of pixels with radiation hits considered. Then, the upper and lower limits of the number of particles with radiation hits are used to compute the lower and upper 1σ bounds on the flux. In Fig. 5 , the error bars are small compared to the size of the plotted data point. Fig. 6 shows the averaged fluxes, binned by radial distance from Jupiter (bin width of 1 R J ).
The flux in observation 3926r is calculated to be 1.8 × 10 5 (e-/cm 2 sr s). The closest EPD measurement to 3926r was taken less than 2 min after the SSI image and has a >11-MeV flux of 4.53 × 10 4 (e-/cm 2 sr s) [or 5.69 × 10 5 (e-/cm 2 sr s)]. The 3926r observation is within 1σ of the EPD log-normal average fit, which is shown in Fig. 5 .
E. Extracting an Electron Spectrum
We consider the possibility of using the magnitude of the energy deposited to determine particle energy, i.e., extracting the electron spectrum in addition to the flux. For each of the monoenergetic simulations, we build a histogram of the energy deposited in the detector. We try to identify distinctive shapes of the monoenergetic histograms by fitting splines and Gaussians to the histograms. Then, the fit curves would be used as a basis function and fit the SSI data energy histograms. In other words, for each energy, the multiplicative factor for the curve to match the SSI would translate to the flux for the given energy. We also look into pulse shape discrimination techniques for distinguishing the curves. We divide the tails of the histogram curves by the total for each histogram curve. For the energies analyzed (10, 30, 50, 100, and 200 MeV), the curves are still not distinguishable from one another for the SSI. Even for 10 billion particle runs in an effort to resolve the histogram shape, we find that the shapes of the histograms for 30-200 MeV are similar, meaning that multiple energy channel extraction is not presently possible with the SSI instrument.
A challenge is to reduce the noise in the simulation histogram curves without leaving the linear regime. If there are greater than 10%-20% of pixels with hits, there are likely to be pixels with double hits, and it would be impossible to distinguish between simultaneous hits in a pixel by two lower energy particles in a pixel and a single higher energy particle hit.
In order to better understand why these curves look similar, we plot the energy deposited on the detector as a function of the kinetic energy of the particles at the detector for a simulation of 1 billion 100-MeV electrons (see Fig. 7 ) and find that the results are consistent with the stopping power of electrons in silicon. From ∼1 to 80 keV, there is roughly a linear ratio between the energy at the detector and the energy deposited. This is because the majority of the lower energy particles is depositing all of their energy on the detector. For ≥100 keV, the incident energy does not affect the energy deposited on the detector. From ∼10 −1 to 10 2 MeV, the stopping power is nearly flat, indicating approximately the same stopping power (MeV-cm 2 /g). The continuous-slowing-down approximation range for 90-keV electrons is ∼0.4734 g/cm 2 [29] . Dividing by the density of silicon (2.33 g/cm 3 ), that gives an approximate thickness of silicon of 20 μm, which is very close to the 15 μm thickness of the detector sensitive layer in the model, showing that the Geant4 model physics are selfconsistent.
IV. DISCUSSION
We present a technique to extract high-energy electron energy and flux information using the Galileo SSI instrument. We extract radiation noise from SSI flight images and compare the radiation count rates and energy deposited to monoenergetic simulations of the SSI in Geant4. We find that the instrument is capable of detecting >10-MeV electrons. Energy deposited in the detector (left y-axis) as a function of the energy of the particle reaching the detector for simulations of 1 billion 100-MeV electrons. The primary particles are red circles and the secondaries are blue circles. The electron collision stopping power is plotted in green on the right y-axis.
We calculate the geometric factors necessary to back out the flux from the count rate. We find agreement with the >11-MeV EPD data within the 3σ deviation of the EPD data for 43 out of 43 (100%) of the SSI images evaluated. 62% of fluxes are also within 1σ of the EPD data. This approach could be applied to other sets of imaging data in energetic electron environments, such as from star trackers in geostationary Earth orbit or science imagers on other exploratory spacecraft. For example, the Europa Clipper mission can increase the available Jupiter environment data using existing hardware onboard the spacecraft.
In the future work, to demonstrate generalizability of the technique, we will analyze another imager on Galileo, the near-infrared mapping spectrometer. We will also analyze results by comparing the computed fluxes to current Jovian radiation models (GIRE-2). In order to use the technique developed in this paper, we will also compose recommendations and requirements for testing, calibration, and operational procedures for other instruments, such as on the Europa Clipper mission.
